Abstract A tangential fast visible camera has been set up in EAST tokamak for the study of edge MHD instabilities such as ELM. To determine the 3-D information from CCD images, Tsai's two-stage technique was utilized to calibrate the high-speed camera imaging system for ELM study. By applying tiles of the passive stabilizers in the tokamak device as the calibration pattern, transformation parameters for transforming from a 3-D world coordinate system to a 2-D image coordinate system were obtained, including the rotation matrix, the translation vector, the focal length and the lens distortion. The calibration errors were estimated and the results indicate the reliability of the method used for the camera imaging system. Through the calibration, some information about ELM filaments, such as positions and velocities were obtained from images of H-mode CCD videos.
Introduction
H-mode operation was realized first in ASDEX in 1982 [1] . Edge-localized modes (ELMs) which occurred at the plasma edge region of H-mode plasma is a remarkable phenomenon of MHD instabilities [2] . The ELM instability carries a considerable amount of particles and heat from the pedestal region via the scrape-off layer (SOL) toward the divertor region and other plasma facing components (PFCs) [3] , causing the erosion of the wall material and the limitation of their lifetime [4, 5] . Owing to the deterioration of energy confinement and the high heat load on the first wall caused by ELM burst, extensive theoretical and empirical studies have been conducted in the major tokamaks around the world to understand its characteristics and mechanism [6−8] .
The typical characteristic of ELM is the periodical burst of peaks on the H α signals during the Hmode operation.
Filamentary structures of ELM have been detected and are regarded as the common space structure in all devices [9] . With the technical developments of the charge-coupled device (CCD), the capture speed of the CCD camera can be as fast as several million frames per second (fps). Owing to its convenience in use and good data visualization, the CCD camera becomes a unique diagnostic method to study the spatio-temporal evolution of the ELM filaments and some excellent results have been obtained in several tokamaks and other torus devices [10, 11] . EAST tokamak realized its first ELM H-mode operation in 2010. To study the ELM behaviors, a high-speed imaging camera system was designed and installed in EAST tokamak and clear ELM filaments were imaged during the 2014 and 2015 experimental campaigns.
In order to get the structure and dynamic information of ELM filaments from the CCD video, it is necessary to map the CCD image to the tokamak space and to find the real ELM filament location and its movement in the tokamak configuration. So the relationship between the tokamak space and the CCD image coordinate of the high-speed camera imaging system needs to be resolved. In this work, for restructuring the plasma configuration in 3-D coordinate system from 2-D CCD images, Tsai's twostage technique was utilized to calibrate the high-speed camera imaging system by using the tiles of EAST passive stabilizers as the pattern.
The paper is organized as follows: in section 2, a brief description of the high-speed camera imaging system and Tsai's calibration algorithm is presented; in section 3 the method of the calibration on the highspeed imaging camera system is introduced; in section 4 results are shown by using the method in section 3, and a location and width of a filament in EAST are given; section 5 is a summary and discussion.
2 High-speed camera imaging system and Tsai's calibration algorithm 2.1 High-speed camera imaging system
EAST is a fully superconducting tokamak located at the Institute of Plasma Physics, Chinese Academy of Sciences in Hefei, China. The major radius of EAST is 1.7 m, the minor radius is 0.45 m. The interior components of EAST mainly consist of divertors, limiters, passive stabilizers and other PFCs (plasma facing components) [12] , as shown in Fig. 1 . Fig.1 The structure of the EAST tokamak, including divertors, limiters, passive stabilizers and other PFCs
There are 16 horizontal ports to mount different diagnostic systems on EAST. The optical system for the CCD camera, designed according to the principle of small hole imaging, is mounted on port K with a fixed focal length and aperture. The system views the tangential direction of tokamak and combines the visible and IR imaging in one system. The field view of the optical system is designed to be −29
• -+29
• at vertical orientation and −29
• -+18
• at horizontal orientation. This means that both the inner, outer wall and the upper, lower divertors can be seen from port M to A through the optical system. The depth view of the optical system is designed to be 1000 mm to 5000 mm. There are two orthogonal optical beam axes out of the tokamak, the main axis is for IR camera and the other one is for visible camera [13] , as shown in Fig. 2 . A phantom V710 CCD camera is connected to the port of the axis for the visible camera and it is movable in three degrees of freedom. The data acquisition speed and spatial resolution of the whole system are up to 50 k fps and 6 mm per pixel respectively. [14, 15] Tsai's method contains two steps to calibrate a camera system. The first step is to obtain the outer parameters of the camera system, including the position and orientation parameters. This part of the parameters can be calculated directly by the relationship between real position points of object and image points. The second step is to obtain the inner parameters of the camera, including the focal length and lens distortion parameters, using iteration to get the optimal solution.
Tsai's two-stage technique
There are four coordinates in this algorithm. The first one is the real world coordinate, including x, y and z parameters, describing the object's position points in 3-D world by using the tokamak coordinate. The second one is the 3-D camera coordinate, including x, y and z parameters, and its x-y plane is parallel to the image plane and the z axis is the same as the optical axis. The distance between the two planes is f , the focal length. The third one is a 2-D image coordinate, including x and y parameters, in which the origin is located at the center of the image, the same as the plane of the CCD sensor. The last one is the actual image coordinate, including x and y parameters.
Correspondingly, there are four steps to transform 3-D points of the world coordinate to 2-D points of the image coordinate.
Step 1: Describing the transformation between the real world coordinate (x w , y w , z w ) and the 3-D camera coordinate (x, y, z). It can be described as:
where R is the rotation matrix, T is the translation vector. R and T are the outer parameters that need to be calculated.
Step 2: Describing the transformation between the 3-D camera coordinate (x, y, z) and the 2-D camera coordinate (x u , y u ). It can be described as:
Step 3: Considering the lens distortion. The distortion parameters in x and y direction can be described respectively as:
where
Step 4: Describing the transformation between the 2-D camera coordinate (x u , y u ) and the actual image coordinate (x f , y f ). It can be described as:
where the (C x , C y ) is the center of an image of the actual image coordinate.
3 Calibration of the high-speed camera imaging system
The EAST passive stabilizers consist of many regular tiles. Each tile was fixed by four screws. The high-speed camera imaging system was calibrated by using the corners of the tiles of passive stabilizers. The tiles were objects with precise position points. The coordinates of these tiles' corners were obtained from the engineering design drawings.
During an H-mode discharge, ELM is bright, plasma body is dimmer, but the background is dimmest. When the capture speed is up to 50 k fps, owing to the short exposure time, it is difficult to recognize the components, including the tiles of passive stabilizers, in the background from the images, as shown in Fig. 3 , which was taken with a pixel size of 608×208. It was found that if the speed was reduced and the exposure time was increased, a bright picture would be taken and tiles would be distinguished clearly, as shown in Fig. 4 , which was taken with a pixel size of 800×600. Reducing the imaging size just means that the CCD camera shuts down some pixels to make the recording data process faster. Other parameters, like the spatial resolution and lens distortion, are not changed. This frame is captured at 3004.944 ms after the discharging, taken with a pixel size of 608×208 Fig.4 At the disruption of the plasma, the light is strong enough to observe divertors and passive stabilizers clearly, taken with a pixel size of 800×600
In order to acquire the coordinates of points from images for calibration, Harris corner detection technique [16, 17] , one of the most classical and effective corner detection algorithms, was employed. For the improvement of the detection accuracy, the image in Fig. 3 was abstracted out to 312×360 pixel size, as shown in Fig. 5 . The computer cannot recognize all the points of corners of the passive stabilizer from only one picture. For the accurate calibration, more points are needed. The brightness and bright parts in EAST tokamak are different owing to the variation of density and current of plasma in different shots of discharges. Keeping all the parameters of the camera unchanged, the coordinates of different points in the pictures that are taken by the CCD camera in several shots of discharges would be obtained. Of course, the vibration caused by the device operating was ignored, assuming the camera always takes pictures of the same scene at the same location. With a combination of pictures in many shots at different time, the red points located on the corners of tiles were obtained, as shown in Fig. 6 . Fig.6 The corners are marked with red points As introduced in section 2, the transformation can be solved by using Eqs. (1)-(4).
After a set of derivations, Tsai gave equations suited for programing and calculation by computer. The details of the equations are in Ref. [15] . Then the relation between the images and the tokamak coordinates is obtained and can be used to map the ELM shape into the tokamak configuration.
4 Results and analysis
Results
By using the tile's positions found by the method in the above section, the transformation parameters for the high-speed camera imaging system were calculated and the results were obtained, as follows:
The rotation matrix 
The translation vector
The focus length f = 15.0432 mm.
The lens distortion parameter
Analysis
The focal length from the calibration is 15.0432 mm. This value is very close to the optical design value 15 mm. The relative error between them is only about 0.0029%. This indicates that the calibration method is quite reliable.
The translation vector T represents the coordinate values of the origin of the 3-D camera coordinate in 3-D real world coordinate system, and it is near to the image plane of the optical system. The distance between the two origins of the two coordinate systems calculated by T is 3750.47 mm. The coordinate of the pinhole center (P c ) of the optical system in 3-D real word coordinate system is [2852.55−133.03 2532.16], and it was obtained from engineer design data of EAST and expressed in cylindrical coordinate. This cylindrical coordinate has the same origin as the 3-D real world coordinate system. The distance between two points calculated by P c coordinate value is 3814.30 mm. The image plane is near to the inner end point of the optical system and the results show that they are close too.
For further analyzing the accuracy of the calibration transformation, new points on stabilizers were chosen to check the errors. The standard deviation of the points obtained from images and the point calibrated from real world was calculated. The checked equation is as follows:
where (x c , y c ) is the calibrated point from the real word, (x r , y r ) is the points detected from images. After calculating, we get e sdx = 5.48 e sdy = 2.29
where δ x and δ y is relative error of x and y, calculated by equation: δ x =e sdx /x and δ y = e sdy /y. The results indicate that this calibration method is reliable. Fig. 7 is a typical H-mode plasma discharge in EAST tokamak (shot#54845). In this figure, the plasma confinement transited into H-mode after the input of neutral beam injection (NBI) at 2.98 s which is indicated by the ELM burst of H α signal. Fig. 3 is the image captured by the CCD camera from the same shot as in Fig. 7 . It is clear in this figure that the three brightest filaments could be observed. For clearer observation, the picture was abstracted out to 312×360 and has been enhanced, as Fig. 8 shows.
Primary results of ELMs
In order to get the relation between the last closed flux surface(LCFS) and the filaments, the LCFS constructed from EFIT was mapped into the image frame taken at 3.004944 s, as shown in Fig. 9 . It is found that the ELM filament marked with P is located out of the LCFS from the radius calculation of the filament. The width of this filament is about 19.23 mm. From the calibration, the time evolution of a filament could be obtained through several sequent frames from the CCD video. The velocities of the filaments were calculated to be 481.23 m/s and 471.11 m/s along radial direction and minor circumferential directions respectively.
The further analysis of the ELM characteristics and its relation to plasma parameters is on the way. 
Summary and discussion
A successful calibration of high-speed camera imaging system in EAST was carried out. Results show the feasible reliability of the application of Tsai's twostage technique in EAST calibration. Some primary parameters such as the width and the velocities of ELM filament were obtained by the transformation calculated by Tsai's algorithm. The calibration method of this work will provide a useful tool to analyze the ELMs dynamics and other phenomena which can be captured by visible and IR camera in EAST tokamak in future.
There was a small error in the results of the calibration calculation. The error came from two respects mainly. The first one was that the position data of tiles were only from engineering drawing, not from the real coordinate measured after tiles were installed on the chamber, and every time before the experiment, the tiles of the passive stabilizers would be reassembled. This might cause the problem that the real point and the point of drawing do not coincide exactly. The second one was that after a long time's usage in plasma discharges, the glass of the front part of the optical beam path system might be coated by plasma. This film would influence the imaging of the optical beam path system. The error can be improved in the future by using the real positions of the tiles and cleaning the optical system during the period that EAST is closed after this round of experiments.
